Degradation of proteins is important for the operating life of biocatalysts and the shelf life of protein pharmaceuticals. We have previously found that the deactivating effects of salts on proteins can be correlated to an indicator of ion hydration, the B-viscosity coefficient of the anion in solution. Here, we test the influence of cations on protein kinetic stability by observing deactivation of mRFP (monomeric red fluorescent protein) in ammonium, caesium and chloride salt solutions, and we find that mRFP deactivation does not depend on cation hydration. We also measure mRFP deactivation in solutions containing denaturants (guanidinium chloride or urea) or stabilizing co-solutes (glycerol or sucrose) frequently encountered in many protein formulations to test whether hydration of these co-solutes can be used to indicate their relative effects on protein kinetic stability. We find that mRFP deactivation in solutions containing kosmotropic salts or stabilizers reaches a limiting rate and that hydration of denaturants is not an indicator of their denaturing strength.
Introduction
Protein stability can be of extreme importance for a number of applications ranging from protein-based pharmaceutical formulation to protein misfolding diseases to biocatalyst design. In every case, the solution environment of the protein plays an important role in determining protein stability, and even small variations in solution composition can have large effects on protein stability. Although dissolved salts have long been recognized to have varying impacts on a number of protein properties in solution (ever since Hofmeister first recognized the differing 'salting out' effects of a number of salts on lysozyme [1] ), the Hofmeister series only provides a convenient qualitative ranking of the relative effects of salts on a number of protein properties, including protein stability. However, there are currently no quantitative descriptions available that can predict a salt's effect on a particular protein property as a function of salt properties. In fact, most studies of co-solute effects on protein stability tend to focus on the effects of strong denaturants, such as GdmCl (guanidinium chloride) or urea, or strong stabilizers such as glycerol, sucrose or TMAO (trimethylamine oxide). For those studies that focus on salts, several salt properties have been proposed as indicators of a salt's probable effect on protein stability including excluded volume [2, 3] , air/water surface tension increment [4, 5] , and ion hydration [6] , as indicated by the B-viscosity coefficient of the Jones-Dole equation, which gives the viscosity of a salt solution (relative to that of water) as a function of salt concentration, c:
The coefficient A indicates the strength of electrostatic effects of the salt in solution and the B-viscosity coefficient is indicative of ion-solvent interactions (i.e. ion hydration). Chaotropic ions have negative B-viscosity coefficients and are expected to deactivate proteins, while kosmotropic ions have positive Bviscosity coefficients and are expected to be stabilizers. More recently, ion effects on protein/water interfacial tension have been suggested as an indicator of a salt's Hofmeister effect [7] . Based on the fact that anions tend to dominate a salt's behaviour in solution [8] , we have previously studied the effects of a series of sodium salts on the kinetic stability of a number of proteins and have found a strong correlation between the observed kinetic deactivation constants and the anion Bviscosity coefficient of chaotropic salts [9, 10] . In addition, we find that strongly hydrated, kosmotropic salts (those with positive anionic B-viscosity coefficients) show similar effects on protein deactivation regardless of ion hydration. We have used these findings to develop a competing pathway model for predicting the salt-induced protein kinetic deactivation constant, k d,obs , as a function of anionic B-viscosity coefficient (J.M. Broering and A.S. Bommarius, unpublished work):
To further understand the dependencies of the model parameters k p , k c and ω on solution conditions, which will in turn allow a more widely applicable model to be developed, a wider range of co-solutes must be studied. Here, we investigate the influence of cations and strongly denaturing and stabilizing co-solutes on the kinetic deactivation of mRFP (monomeric red fluorescent protein). We measure mRFP deactivation in several ammonium, caesium and chloride salts to confirm that anions in solution have a larger influence on protein properties than cations. The accumulated data allow us to determine values for the competing pathway model parameters. By observing deactivation in strong denaturants and stabilizers, we test the hypothesis that ion or co-solute hydration can be used to predict the effects of a wider range of co-solutes than our previous findings have considered.
Experimental
All deactivations of mRFP were conducted at 80
• C in salt solutions with a thermodynamic water activity of a w = 0.99. Salt solution water activity can be calculated from the following equation [12] by using osmotic coefficients φ found from the literature [13] :
where m is the molal salt concentration, n is the number of dissociated species for the salt of interest (n = 2 for NaCl, n = 3 for Na 2 SO 4 ), and MM is the molecular mass of the solvent (18 g/mol for water). Water activity data for urea, glycerol and sucrose as a function of molal concentration were taken from Mazurkiewicz et al. [14] , and osmotic coefficients of GdmCl solutions were taken from Bonner [15] . Plots of water activity as a function of co-solute concentration can be found in the Supplementary material (http://www.biochemsoctrans.org/bst/ 035/bst0351602add.htm), and co-solute concentrations giving a w = 0.99 are listed in Table 1 . Ionic B-viscosity coefficients were taken from [6] . Viscosities of urea and GdmCl solutions as a function of concentration were taken from Kawahara and Tanford [16] . Since the contribution of the linear concentration term (the B-viscosity coefficient term) dominates at the experimentally used salt concentrations, least-squares linear fits of the viscosity versus concentration data were calculated and the slope of the line was used as the calculated B-viscosity coefficients listed in Table 1 . The same procedure was used to calculate the B-viscosity coefficient of glycerol, by using viscosity data from Sheely [17] . Sucrose viscosity data was not linear over the experimental concentration range, so the full Jones-Dole viscosity equation (including A, B and D terms) was used to fit the viscosity as a function of concentration. All curve fits of experimental viscosities can be found in the Supplementary material (http://www. biochemsoctrans.org/bst/035/bst0351602add.htm).
Deactivation experiments were carried out similarly to our method described previously [9] . Briefly, ice-cold solutions of mRFP in 50 mM Hepes buffer were mixed with an equal volume of 2× salt solution to yield a 1× mRFP-salt solution containing the concentrations listed in Tables 1 and 2 , and approx. 125 µg/ml mRFP. For each mRFP-salt solution, 100 µl aliquots were placed in ten 0.65 ml thin-walled centrifuge tubes. Nine of the tubes were placed in a water bath at 80
• C to deactivate, and tubes were removed periodically and immediately placed on ice. Fluorescence of 50 µl of each deactivated mRFP solution was measured by using a FluoStar microplate reader (BMG LabTech, Offenburg, Germany) with λ ex = 544 nm and λ em = 590 nm. The residual fluorescence (relative to an un-deactivated sample) was calculated and the first-order kinetic deactivation constant (k d,obs ) was determined as the slope of the best-fit line of the ln (residual fluorescence) versus deactivation time curve.
Results
To compare the effects of cations on protein deactivation, we first measured first-order kinetic deactivation constants (k d,obs ) for mRFP at 80
• C in ammonium and caesium salts with water activity a w = 0.99 and compared those values with those previously obtained for sodium salts [9] , as shown in Figure 1(A) . For both series, the trend between kinetic deactivation constants was similar to the trend in sodium salts: we find a strong linear dependence of k d,obs on the B-viscosity coefficient of chaotropic solutions (B anion < 0),
Figure 1 Protein deactivation rate constants as a function of ion hydration
Observed mRFP kinetic deactivation constants in (A) sodium, ammonium and caesium salts and (B) chloride salts at water activity a w = 0.99, as well as in (C) strong co-solute solutions of GdmCl (+), urea (×), sucrose ( ) and glycerol (᭝). For each strong co-solute, the data points corresponding to deactivation at constant water activity a w = 0.95, 0.97 and 0.99 are located from top to bottom respectively. while kosmotropic solutions (B anion > 0) had little effect on the observed deactivation constant. Moreover, the value of the kinetic deactivation constants in chaotropic ammonium and caesium salts is virtually indistinguishable from the sodium salt values, indicating that, at least in chaotropic solutions, the cation has very little effect on the overall observed deactivation kinetics. In kosmotropic solutions, it appears that mRFP deactivation in caesium salts occurs noticeably faster than in ammonium or sodium salts. Fitting the experimental ammonium and caesium salt data to the previously developed competing pathway model (J.M. Broering and A.S. Bommarius, unpublished work) yielded the values seen in Table 2 . Within the error of the curve fit, the difference between the respective calculated best-fit values of the model parameters k p , k c and ω for ammonium, caesium and sodium salts is statistically insignificant, further supporting the case of weak cation influence on salt-induced protein deactivation.
As a further test of cation effects, we measured mRFP deactivation constants in a series of chloride salts, as shown in Figure 1(B) . No clear trend between cationic B-viscosity coefficient and the deactivation constant is apparent. Even if the bivalent cations are omitted (the two largest B-viscosity coefficients), it is apparent that cation hydration, as indicated by the cationic B-viscosity coefficient, has no discernible influence on a salt's overall deactivating effect on a protein. Specifically, mRFP deactivated more slowly in RbCl solution than in relatively neutral NaCl, even though Rb + would be classified as a moderate chaotrope based on its negative B-viscosity coefficient.
To this point, we have only considered the deactivating and stabilizing effects of simple salts on protein deactivation and find that while anion hydration is an important indicator of chaotropic salt effects on protein deactivation, strongly hydrated (kosmotropic) salts do not affect protein kinetic stability in proportion to their level of hydration. In many situations, however, protein deactivation is investigated with non-ionic or only partially ionic strong co-solutes, such as urea and GdmCl on the chaotropic side and polyols (glycerol, glucose, sorbitol or sucrose) on the kosmotropic one. Therefore we investigated the influence of strong co-solutes on mRFP deactivation kinetics. Deactivation constants of mRFP in GdmCl, urea, glycerol and sucrose were measured and compared with previous mRFP deactivation in sodium salts. The observed deactivation constants k d,obs are illustrated in Figure 1(C) .
As expected, both sucrose (B = 0.069 M −1 ) and glycerol (B = 0.31 M −1 ) were found to have positive B values. Their observed deactivation constants k d,obs fall in the same range as those observed for kosmotropic salts. The flat kosmotropic branch of the log k d,obs versus B-viscosity coefficient curves suggests that there is a lower limit to kinetic stability that is attainable by adding kosmotropic salts to solution. The non-ionic, commonly used stabilizers sucrose and glycerol also appear to be subject to this lower kinetic limit, embodied by the constant k p (see eqn 2).
Although both urea and GdmCl are well-known strong denaturants, both increase solution viscosity and consequently have positive B-viscosity coefficients, B = 0.063 and 0.064 M −1 respectively. Across the water activities a w investigated (0.99, 0.97 and 0.95), comparison of k d,obs values reveals that GdmCl deactivates two to three times faster than sodium iodide, while urea deactivates only 2/3 as fast as sodium iodide at the same water activity.
Discussion
One goal of the present study was to corroborate or refute the generally accepted notion that anions tend to dominate protein deactivation, as they dominate other salt behaviour in solution [8] . Others have found that activity of freeze-dried enzyme/salt mixtures in organic solvent correlates with the weighted difference δ between the anions and cations (δ = ν ι B i,anion − ν ι B i,cation , where ν i is the mole fraction of each ion) [18] . Our results with different cations in Figure 1(A) , which demonstrate similar k d,obs values for caesium, ammonium, or sodium salts with the same chaotropic anion (B anion < 0), indicates that the cation has very little effect on chaotropic deactivation. In fact, results in Figure 1 (B) on deactivation constants with the same anion, chloride (B Cl − = −0.007), corroborate that the cationic B-viscosity coefficient is not a good predictor of mRFP deactivation, so that cation hydration does not seem to determine a salt's influence on protein deactivation. Thus the above-mentioned notion of δ does not seem to hold for protein deactivation as much as for other phenomena.
A second goal of the present study was an assessment of the behaviour of strong co-solutes on protein deactivation within the framework of ion hydration, as manifested in the B-viscosity coefficient. We determined both the Bcoefficient and the deactivation rate constants k d,obs of GdmCl, urea, sucrose and glycerol and encountered two interesting findings. First, GdmCl and urea, the known protein denaturants, have positive B-values, although both strongly deactivated mRFP at a degree between sodium iodide and bromide respectively. Therefore, for denaturants in aqueous solution, the B-viscosity coefficient alone is not necessarily a good predictor of protein deactivation, and this implies that differences in co-solute hydration are not the physical basis for differing deactivating effects of strong nonionic co-solutes. Secondly, sucrose and glycerol (both with B > 0, as expected) feature deactivation rate constants k d,obs comparable with other kosmotropes, so that there seems to be an upper limit of stability (and therefore a lower limit to the value of the kinetic deactivation constant k d,obs ) for a given protein that is attainable through the addition of kosmotropes. This lower value of k d,obs is represented by the model parameter k p , so k p depends on solution properties that are still unidentified or possibly depends only on protein sequence and/or protein structure. The B-viscosity coefficient in eqn (1) can be identified solely as B anion as opposed to a combination of B-viscosity coefficients of anions and cations.
Conclusions
We find that cation hydration has little influence on determining a salt's stabilizing or deactivating effect on protein kinetic stability. Kosmotropic salts, it would appear, cannot slow down protein deactivation past a certain point; they only prevent it from occurring faster. The existence of this lower kinetic limit is supported by the observed deactivation constants in solutions containing so-called stabilizers glycerol and sucrose, which fall in the same range as the kosmotropic salts. This suggests that traditional formulation approaches of adding stabilizing osmolytes to solution to increase stability will eventually reach a stability limit intrinsic to a particular protein sequence/structure that cannot be improved upon. To achieve further protein stabilization, protein engineering approaches may need to be employed.
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